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Investigating the nature of mass 
distribution surrounding 
the Galactic supermassive black 
hole
Man Ho Chan*, Chak Man Lee & Chi Wai Yu

In the past three decades, many stars orbiting about the supermassive black hole (SMBH) at the 
Galactic Centre (Sgr A*) were identified. Their orbital nature can give stringent constraints for the 
mass of the SMBH. In particular, the star S2 has completed at least one period since our first detection 
of its position, which can provide rich information to examine the properties of the SMBH, and the 
astrophysical environment surrounding the SMBH. Here, we report an interesting phenomenon that 
if a significant amount of dark matter or stellar mass is distributed around the SMBH, the precession 
speed of the S2 stellar orbit could be ‘slow down’ by at most 27% compared with that without dark 
matter surrounding the SMBH, assuming the optimal dark matter scenario. We anticipate that future 
high quality observational data of the S2 stellar orbit or other stellar orbits can help reveal the actual 
mass distribution near the SMBH and the nature of dark matter.

It is widely accepted that there exists a supermassive black hole (SMBH) at the centre of our Milky Way 
galaxy (Sgr A*). Based on the dynamics of the stars surrounding the SMBH, the mass of the SMBH is 
MBH ≈ (4.154± 0.014)× 106M⊙

1. Thank to the high quality observations, many stars surrounding the SMBH 
have been figured out2. In particular, the S2 star has a very small period and it is almost the closest star to the 
SMBH. The S2 star is a young B-type main-sequence star with mass MS2 ≈ 14− 15M⊙

3,4, which is one of the 
brightest members of the stars surrounding the SMBH4. Its motion has been monitored for almost 30 years by a 
few large telescopes in the world6–12. Based on current data, the orbital period of the S2 star is about 16 years2. Its 
orbit has a very high eccentricity e = 0.88466± 0.000181. The pericentre and the apocentre of the orbit are 120 
AU and 1820 AU respectively1. The S2 star has completed at least one period since our first close monitoring. Its 
orbital nature can give us important information in determining the mass of the SMBH and the astrophysical 
environment surrounding the SMBH13,14.

On the other hand, theories have predicted that dark matter distribution would be altered by the SMBH 
nearby. The collisionless behaviour of the dark matter particles would be likely to cause the adiabatic growth of 
the SMBH15. Following the conservation of the angular momentum, dark matter particles would be accreted 
by the SMBH to form a dense spike or cusp-like structure15,16. Such a high dark matter density spike has been 
widely examined based on radio and gamma-ray detections as a much larger rate of dark matter annihilation 
would be resulted15–20.

Some recent studies have used the current S2 orbital data to constrain dark matter models12,21–25 or other 
alternative models of dark matter4,5. However, a recent study has shown that the effect of the dark matter density 
spike is considerably weak for realistic dark matter densities24. Therefore, it seems that no strong constraints of 
dark matter can be made based on the data of one complete revolution of the S2 star. Nevertheless, based on the 
analysis of the orbital precession of S2, we discover some important signatures that can reveal the properties of 
the dark matter density spike or the nature of the mass distribution around the SMBH. The orbital precession 
can be more precisely determined based on at least two complete orbital periods, which will be made in the 
coming two to three years.

Some previous studies have investigated the precession effect of the S2 orbit to estimate the mass of the 
SMBH1, and constrain the extended mass distribution12,26,27 or dark matter25,28–31. In this article, we extend the 
ideas of these studies and explicitly quantify the effect on the precession angle based on different dark matter 
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or extended mass density profiles. We will further discuss how the astrophysical environment surrounding the 
SMBH or the nature of dark matter could be revealed based on the precession effect.

Results
Newtonian mechanics would give a perfect stable elliptical orbit for a star orbiting about the SMBH. However, 
as the mass of a SMBH is very large such that General Relativistic effect becomes important, a small non-linear 
term would appear in the equation of motion so that the resulting orbit would undergo the so-called Schwarzs-
child precession. For the SMBH at the Milky Way centre, the precession angle of the nearby stellar orbit depends 
on the SMBH mass MBH and the stellar angular momentum L. The Schwarzschild precession angle for the S2 
orbit is about 0.2◦ per period (about 1.3◦ per century). In the followings, we mainly follow the orbital parameters 
obtained by previous studies to perform the analysis. Generally, the uncertainties of the parameters used are very 
small so that the precession angle predicted is quite accurate. The data of the S2 orbit can be found in Table 1.

Now we assume that dark matter would distribute around the SMBH (the ‘SMBH+DM model’) and the total 
enclosed mass inside the stellar orbit is M(r) = MBH +MDM(r) , where MDM(r) is the enclosed dark matter mass 
and r is the distance from the SMBH. Based on the S2 orbital data, the most optimistic estimated enclosed dark 
matter mass (or any extended mass) within the S2 orbit is smaller than 0.1% of the SMBH mass1,12. Therefore, 
we can use the method of perturbation to calculate the effect of the dark matter distribution surrounding the 
SMBH. We simply replace the point-mass term by the total enclosed mass M(r) in the equation of motion. Here, 
since the enclosed dark matter mass depends on r, the non-linear effect would be significant after nearly one 
period of stellar motion. Such an effect would be manifested by the angle of precession. Note that the potential 
effect considered here is not limited to dark matter only. Any extended mass distribution (e.g. white dwarfs or 
neutron stars) could have the similar effect. However, we will particularly consider the case of dark matter as 
our major concern because theories predict that a concentrated dark matter density spike might be surrounding 
the SMBH15,16, which might give significant impact on the precession angles of the surrounding stellar orbits.

Moreover, to compare the data with our analysis, we need to first transform the apparent orbit of the projected 
plane (in the line-of-sight direction) to the real orbital plane via three angles: the inclination angle, argument 
of pericenter and the ascending node angle23. These angles can be constrained by current observational data23. 
After transformation, we can obtain the best-fit orbit and perform analysis on the real orbital plane. Then we can 
transform all the results back to the apparent projected plane for illustrations. We take the data of the apparent 
orbit from a recent study of the S2 star32. We report the features of the precession analysis as follows.

Dark matter versus no dark matter.  The precession could be influenced by the dark matter density spike 
significantly. In the ‘SMBH model’, we assume the S2 star orbiting about the SMBH only without dark matter. For 
the ‘SMBH+DM model’, we assume the S2 star orbiting about the SMBH surrounding by the dark matter density 
spike distribution ρDM ∝ r−γ . Theoretically, the cusp index γ can range from 0.5 to 2.518. Here, we consider 
one popular model—the Bahcall-Wolf cusp model33—to describe the dark matter density spike distribution 
for illustration. The cusp-like structure of the density profile in the model is consistent with the predicted dark 
matter density spike distribution15,16. The cusp index γ = 7/4 is close to the average value of the theoretical pos-
sible range, although the Bahcall-Wolf cusp model is not proposed to describe the dark matter density profile 
originally. The optimal parameters of the model can be constrained by the current S2 data of one period1,12. We 
model the precession angles after 50 periods for both of the ‘SMBH model’ and ‘SMBH+DM model’. By averag-
ing after 50 periods, the precession angles per one period on the real orbital plane are 0.2077◦ and 0.1515◦ for the 
‘SMBH model’ and ‘SMBH+DM model’ respectively (see Fig. 1 for the orbits on the apparent projected orbital 
plane). Therefore, the dark matter distribution seems like ‘slowing down’ the precession speed of the S2 orbit by 
27%. If such an angle is observed, this could be regarded as an indirect evidence of the existence of dark matter 
(or similar extended mass distribution) surrounding the SMBH. Some studies also suggest γ = 1.5 due to the 
interaction between dark matter and baryons16. By assuming the same dark matter content, the precession angle 
per one period for this profile is 0.1547, which is slightly larger than the one following the Bahcall-Wolf model. 
Generally, a larger value of γ would give a smaller precession angle. On the other hand, this method can also be 

Table 1.   Parameters of the S2 orbit.

Mass of S2 star 14-15M⊙
3,4

MBH (4.154± 0.014)× 10
6
M⊙

1

Orbit period 15.9-16.0 yrs13

Eccentricity (e) 0.88466 ± 0.000181

Schwarzschild radius ( rs = 2GMBH/c
2) 0.08 AU38,39

Pericentre 120 AU1

Apocentre 1820 AU1

Velocity at pericentre 7650 km/s38

Inclination i 134.3533
◦23

Argument of pericentre ω 66.7724
◦23

Ascending node � 228.024
◦23
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applied in testing General Relativity13,32,34 or modified gravity models4,5. Note that the mass distribution due to 
neutron stars or white dwarfs can also cause similar effect on precession. Recent studies show that the fiducial 
model of neutron star distribution at the Galactic Centre gives the central mass density < 2× 10−12 kg m −335, 
which is ten times smaller than the central mass density assumed in the Bahcall-Wolf cusp model. Therefore, we 
simply assume that dark matter dominates the mass distribution near the SMBH. Nevertheless, it is still possible 
that the mass distribution constrained by this method originates from baryonic matter, but not dark matter.

Constraining the mass distribution.  Since the precession angle can be influenced by dark matter or bar-
yonic matter, the actual precession angle observed could be used to differentiate different models of dark matter 
density distribution or baryonic matter distribution. In fact, the functional form and the parameters involved 
(e.g. index of the density spike) for the mass distribution surrounding the SMBH are uncertain. There are some 
variations in the functional form of the mass density distribution based on the theoretical predictions18,27. Here, 
we model the precession angles of the S2 orbit based on two popular density models with two entirely different 
functional forms, the ‘Plummer model’36 and the ‘Bahcall-Wolf cusp model’33. The Plummer model has a con-
stant density core at the centre and it is commonly modeled as the distribution of a stellar cluster. The Bahcall-
Wolf cusp model has a central density cusp and it is close to the prediction of the dark matter density spike dis-
tribution. By considering the optimal scenarios for both models1,12, we find that the resultant precession angles 
are slightly different for different models. The precession angle on the real orbital plane for the Plummer model 
is 0.1654◦ , which is slightly larger than that for the Bahcall-Wolf cusp model (see Fig. 1 and Table 2). Since the 
cusp property in the Bahcall-Wolf cusp model gives a higher dark matter density in the inner central region, this 
implies that a higher central density would give a larger ‘slowing down effect’ on the precession angle of the S2 
orbit. Moreover, if the value of the precession angle can be determined accurately, it could give some constraints 
on the density distribution model or the cusp index γ . This can also help us review our understanding of the 
dynamics of particle dark matter, which has not been rigorously tested.

The annihilation effect.  Some particle physics models predict that dark matter particles can self-annihi-
late to give high-energy particles37. The dark matter annihilation rate is directly proportional to the square of 

Table 2.   Fitted parameters of the S2 orbit for the ‘SMBH model’ and the ‘SMBH+DM’ model.

Parameter BH only Plummer model

Cusp model Cusp model

(γ = 1.5) (γ = 7/4)

Scale density ρ0 (kg/m3) – 1.69× 10
−1012 2.88× 10

−11
2.24× 10

−1112

Scale radius r0 (pc) – 0.0121 0.0121 0.0121

Precession angle per one period (deg) 0.2077 0.1654 0.1547 0.1515
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Figure 1.   The red ellipse represents the best-fit orbit of the S2 star based on the observational data in brown 
dots with error bars32 on the apparent projected orbital plane (XY-plane). The green, orange, magenta, and blue 
dashed lines respectively represent the predicted orbits of the S2 star after the 50th period for the ‘SMBH model’, 
‘SMBH+DM model’ with the Bahcall-Wolf cusp distribution ( γ = 7/4 ), ‘SMBM+DM model’ with the cusp 
distribution γ = 1.5 , and the ‘SMBH+DM model’ with the Plummer distribution (transformed to the apparent 
projected orbital plane). The position of the SMBH (Sgr A*) is at (X,Y) = (−0.000083′′, 0.0024893′′)21.
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dark matter density. Since the inner dark matter density would be very high due to the cusp distribution, the 
central annihilation rate would also be very high. As a result, a large amount of dark matter particles would be 
annihilated in the inner region so that the central dark matter density would be subsequently much smaller. The 
final dark matter density would achieve a so-called ‘annihilation plateau’ in the innermost region of the density 
spike when the annihilation rate is high enough18. This would suppress the dark matter effect on the precession 
angle. For example, assuming the mass of a dark matter particle mDM = 1 TeV and following the standard ther-
mal annihilation cross section �σv� = 2.2× 10−26 cm3/s, the precession angle per one period on the real orbital 
plane for the Bahcall-Wolf cusp model would increase to 0.1774◦ . Generally speaking, when the annihilation rate 
per unit dark matter mass is large, the influence of dark matter becomes less important and the precession angle 
would approach the precession angle of the ‘SMBH model’ ( 0.2077◦ ). We plot the variation of the precession 
angle against mDM/〈σv〉 in Fig. 2. Therefore, the precession angle of the S2 orbit could provide some hints on the 
annihilation parameters. The results can also be combined with the radio analysis17 and gamma-ray analysis18,19 
to come up with a more stringent constraint on the annihilation parameters.

Discussion
In this study, we have explicitly quantified the effect of dark matter or any extended mass distribution on the 
precession angle of the S2 orbit theoretically. We have shown that dark matter distributing with the Bahcall-
Wolf cusp model surrounding the SMBH can give a significant smaller precession angle for the S2 orbit. In the 
optimal dark matter scenarios, the precession speed can be smaller by at most 27% compared with that without 
dark matter surrounding the SMBH. Some previous studies have considered the precession angle of the S2 orbit 
to constrain the mass of the SMBH1,31, and the extended mass distribution (including dark matter) surrounding 
the SMBH12,25–31. Nevertheless, we have shown in this study that the precession angles for different extended 
mass distributions would be significantly different. Since the stellar density distribution is close to the Plummer 
model’s profile while the dark matter density distribution is close to the Bahcall-Wolf cusp model’s profile, observ-
ing the actual precession angle of the S2 star can help differentiate the nature of the extended mass distribution 
(stellar vs. dark matter). Based on our analysis, such an effect on the precession angle could be significant and 
easily noticed from future observational data (after at least two complete orbital periods). Moreover, dark mat-
ter annihilation would also affect the value of the precession angle, which has not been realised and discussed 
before. Since dark matter annihilation would wash out the cusp properties of the dark matter density spike, this 
effect could be manifested by the change in the precession angle. Therefore, the annihilation parameters (the 
annihilation cross section per unit dark matter mass) can be theoretically constrained by this method. Generally 
speaking, non-annihilating dark matter with cusp-like density distribution nearby the SMBH would give the 
largest effect on the precession angle (i.e. the smallest precession angle per period).

Nevertheless, the constraints obtained from the precession angle are model-dependent. The density profiles 
assumed in this study are just examples for investigation. The actual cusp index or the actual functional form 
might be different from what we have assumed. In view of this, the single value of the precession angle of the S2 
orbit might not be able to differentiate the effects from different possible models. More data would be needed 
for giving differentiation among different models. For example, there are some newly discovered stars (S62, 
S4711, S4714 and S4716) inside the S2 orbit which have orbital periods less than 12 years41–43. The dark mat-
ter or extended mass distribution would also affect these stars so that the data of their orbits can also be used 
to examine the mass distribution surrounding the SMBH in the coming decade. Therefore, combining these 

0 50 100 150
m

DM
/<σv>

0.15

0.16

0.17

0.18

0.19

0.2

0.21

0.22

Pr
ec

es
si

on
 a

ng
le

 p
er

 p
er

io
d 

(d
eg

)

Figure 2.   The black solid line indicates the variation of the precession angle of the S2 star per period against the 
parameter mDM/〈σv〉 . Here, the value of the mDM/〈σv〉 is normalised by the ratio 100 GeV/2.2× 10−26 cm3/s .
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information would give us a clearer astrophysical picture about the environment of the SMBH and help reveal 
the dark matter properties.

Methods
The equation of motion around the SMBH.  For Schwarzschild black hole model, the spherical sym-
metric space-time metric can be written as25

where (r, θ ,φ) are the spherical coordinates, A(r) = 1− rs/r with rs = 2GMBH/c
2 , and B(r) = 1/A(r) . The equa-

tion of motion of a star orbiting about a SMBH in the space-time metric, assuming without loss of generality the 
motion on the fixed plane θ = π/2 , is given by:

where u = 1/r , L = rvφ is the angular momentum, and vφ is the velocity at the pericentre. By using the perturba-
tion method, the solution of u(φ) can be approximately given by

where e and ǫ are constant. Therefore, the precession angle of the stellar orbit moving about a pure SMBH is 
approximately

Using the data of the S2 star (see Table 1), the Schwarzschild precession angle is about 0.2◦.
In the presence of dark matter surrounding the SMBH, following the method of perturbation, the SMBH 

mass MBH in Eq. (2) could be replaced by

where MDM(r) is the enclosed dark matter mass. This can be done because MDM(r) is much smaller than MBH 
for the most optimistic dark matter distribution constrained by the S2 orbital data12. Therefore, the equation of 
motion finally becomes

The final orbit r(φ) = 1/u(φ) of the S2 star could be obtained by solving Eq. (6) numerically.

Dark matter density model.  The dark matter density spike surrounding a SMBH is commonly modelled 
by a cusp model:

where ρ0 , r0 and γ are the scale density parameter, scale radius parameter and the cusp index respectively. The 
cusp index is model-dependent while the parameters ρ0 and r0 can be fitted empirically by the data of the S2 
orbit. For the Bahcall-Wolf cusp model33 considered in our analysis, the cusp index is γ = 7/4 . The optimal 
values of parameters fitted by the data are ρ0 = 2.24× 10−11 kg/m312 and r0 = 0.012 pc1. Moreover, we also test 
the cusp model with γ = 1.5 . For the same dark matter content inside the S2 orbit, by keeping the same scale 
radius r0 = 0.012 pc, the optimal scale density parameter is ρ0 = 2.88× 10−11 kg/m3.

Beside the cusp model, the Plummer model36 is another benchmark density model usually assumed at the 
Galactic Centre27. The density for the Plummer model is

The Plummer model is commonly modeled as the density distribution of a stellar cluster. Here, it can also be 
viewed as a cored dark matter density profile or any baryonic matter distribution for comparison. The optimal 
values fitted by the data of the S2 orbit are ρ0 = 1.69× 10−10 kg/m312 and r0 = 0.012 pc1. The enclosed dark 
matter or extended mass for different dark matter or any extended mass distribution is thus given by

If dark matter would self-annihilate, the annihilation rate would be proportional to the square of dark matter 
density. Therefore, the dark matter density in the innermost region would decrease significantly. The original 

(1)ds2 = A(r)c2dt2 − B(r)dr2 − r2(dθ2 + sin2 θdφ2)
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d2u
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+ u =
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(3)u(φ) ≈
GMBH

L2
[1+ e cos(φ − ǫφ)],

(4)�φprecession = 2πǫ = 6π
G2M2

BH

c2L2
.

(5)M(r) = MBH +MDM(r),

(6)
d2u

dφ2
+ u =

GM(u)

L2
+ 3

GM(u)

c2
u2.

(7)ρDM(r) = ρ0

( r0

r

)γ

,

(8)ρDM(r) = ρ0

(

1+
r2

r20

)−5/2

.

(9)MDM(r) =

∫ r

4GMBH/c2
ρDM(r′)4πr′2dr′.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:15258  | https://doi.org/10.1038/s41598-022-18946-7

www.nature.com/scientificreports/

dark matter density distribution ρDM(r) would be modified by the following dark matter annihilation plateau 
density distribution:

where

with t ≈ 1010 yrs is the age of the SMBH, 〈σv〉 is the annihilation cross section, mDM is the mass of a dark 
matter particle, and rin ≈ 3.1× 10−3 pc16,18. In standard cosmology, the thermal annihilation cross section is 
�σv� = 2.2× 10−26 cm3 /s for mDM ≥ 10 GeV40.

Transformation of the apparent orbit.  The S2 orbit observed is on the apparent projected plane (XY-
plane) along the line-of-sight direction. To get a better comparison of the orbit calculated from the equation of 
motion, we need to transform the apparent projected orbital plane to the real orbital plane (xy-plane)12,23.

The Cartesian coordinate transformation from the XY-plane of the apparent orbit to the xy-plane of the real 
orbit can be done via the following relation23:

with

where ω , i and � are the osculating orbital elements, respectively representing the argument of pericentre, the 
inclination between the real orbit and the observation plane, and the ascending node angle23. The osculating 
orbit elements constrained by the S2 data are shown in Table 1. The coordinates of the SMBH are transformed 
from (X0,Y0) = (−0.000083′′, 0.0024893′′) to (x0, y0) = (0, 0).

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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